Although it is well established that motor vehicle exhaust (MVE) has a close association with the occurrence and exacerbation of chronic obstructive pulmonary disease (COPD), very little is known about the combined effects of MVE and intermittent or chronic subclinical inflammation on COPD pathogenesis. Therefore, given the crucial role of inflammation in the development of COPD, we wanted to establish an animal model of COPD using both MVE exposure and airway inflammation, which could mimic the clinical pathological changes observed in COPD patients and greatly benefit the study of the molecular mechanisms of COPD. In the present study, we report that mice undergoing chronic exposure to MVE and intratracheal instillation of lipopolysaccharide (LPS) successfully established COPD, as characterized by persistent air flow limitation, airway inflammation, inflammatory cytokine production, emphysema and small airway remodelling. Moreover, the mice showed significant changes in ventricular and vascular pathology, including an increase in right ventricular pressure, right ventricular hypertrophy and remodelling of pulmonary arterial walls. We have thus established a new mouse COPD model by combining chronic MVE exposure with early intratracheal instillation of LPS, which will allow us to study the relationship between air pollution and the development of COPD and to investigate the underlying molecular mechanisms.
INTRODUCTION
Given the present grim situation of global air pollution, a better understanding of the detrimental effects of urban air pollution on chronic lung diseases, such as chronic obstructive pulmonary disease (COPD), is urgent and necessary. Chronic obstructive pulmonary disease ranks c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society fourth in the world as a cause of disease and death and is expected to rise to the third leading cause of death in 2020 (Baughman et al., 2012) . Chronic obstructive pulmonary disease is a complex disease characterized by chronic airway inflammation with emphysema, manifested as irreversible restriction of pulmonary ventilation and progressive deterioration of pulmonary function, often associated with pulmonary instillation of gas, particulate matter (PM), bacterial infections and other related inflammatory responses (Vogelmeier et al., 2017 ). An epidemiological study showed that for each increase of 10 g m −3 of fine PM, the hospitalization rate for COPD nearly doubled (Dominici et al., 2006) . Acute exposure to air pollution can lead to acute exacerbation of COPD, with an increase in hospitalization and mortality (Kariisa et al., 2015) . Motor vehicle exhaust (MVE), as a crucial component of air pollution, has been reported to be one of the main risk factors of COPD. Prospective studies have found that fossil fuel combustion, especially urban motor vehicle emissions, are associated with a decline in lung function (Carlsen et al., 2015) .
Although studies have reported that there are many associations between air pollution and the occurrence and exacerbation of COPD, it remains uncertain how air pollution affects the development of COPD (Sint, Donohue, & Ghio, 2008; Torres-Duque et al., 2008; Zhang, Li, Tian, Guo, & Pan, 2016; Zhong et al., 2007) . Therefore, the establishment of an animal model of COPD through chronic exposure to MVE would provide a relevant way to study the mechanism of the occurrence and development of COPD induced by air pollution.
In a previous study, the combination of exposure to tobacco smoke with lipopolysaccharide (LPS) has been used to establish a COPD model that simulates aspects of a bacterially induced COPD progression on the basis of combining causative agents of COPD (Hardaker et al., 2010) . In addition, given that the lower respiratory tract of patients with COPD is often chronically colonized with Gramnegative bacteria, it may be considered that the flora contributes to disease progression in COPD (Banerjee, Khair, & Honeybourne, 2004; Soler et al., 1999) . Exacerbations of COPD tend to be crucial events leading to poorer outcomes and contribute to higher and earlier mortality rate in COPD patients. Bacteria are believed to cause a portion of exacerbations, particularly in advanced COPD (Monso et al., 1995; Murphy, 2006; Soler, Agusti, Angrill, Puig De la Bellacasa, & Torres, 2007) .
To address these issues, LPS, a glycolipid component of the outer cell wall of Gram-negative bacteria, was included in the development of this model. When inhaled, LPS causes, in dose-dependent manner, clinical symptoms that include fever, chills and bronchoconstriction, accompanied by a pro-inflammatory response in sputum and bronchoalveolar lavage fluid (BALF; Kline et al., 1999; Michel, Murdoch, & Bernard, 2005) . Emerging evidence suggests that infection and persistent inflammation are key players in the pathogenesis of COPD. Sun, Ouyang, Gu, and Liu (2016) established a rat model of COPD that recapitulates the pathophysiology and development of human COPD, with a method that combines cigarette smoke (CS) exposure and tracheal injection of LPS, to simulate smoking and infection, the two most important symptoms seen in COPD patients with infection, who then suffer a sharp decline in pulmonary function. Studies have also reported that the combination of CS and LPS can shorten the period of development of an experimental COPD model (Mizutani et al., 2009; Zhou, Tan, Kuang, Liu, & Wan, 2012) . Furthermore, our earlier study demonstrated that the combination of LPS and CS causes significant changes in airway inflammation and lung function (Shu et al., 2017) . Based on this background knowledge, we hypothesized that the
New Findings
• What is the central question of this study?
In this study, by using motor vehicle exhaust (MVE) exposure with or without lipopolysaccharide (LPS) instillation, we established, evaluated and compared MVE, LPS and MVE+LPS treatment-induced chronic obstructive pulmonary disease (COPD) models in mice.
• What is the main finding and its importance?
Our study demonstrated that the combination of chronic exposure to MVE with early LPS instillation can establish a mouse model with some features of COPD, which will allow researchers to investigate the underlying molecular mechanisms linking air pollution and COPD pathogenesis.
use of MVE with LPS might provide a new model of COPD exhibiting bacterial colonization, especially in filling gaps between air pollution and sub-clinical inflammation.
It was reported that hypoxia, emphysema and the loss of vascular bed were the primary cause of pathological lung changes associated with COPD, followed by pulmonary vascular remodelling and increasing pulmonary arterial pressure (Wright, Levy, & Churg, 2005) . It is noteworthy that the present study reveals, for the first time, the relationship between MVE and LPS exposure and vascular remodelling.
Until now, reports on MVE exposure to establish COPD models have not been widely recognized, and most of them indicated that the MVE exposure can decrease lung function and increase airway inflammation (He et al., 2017; Wright et al., 2005) . However, it is still unknown exactly how the pulmonary vascular changes develop over time and whether these changes are related to the lung damage and airway inflammation. We hypothesize that instillation of LPS, causing obvious lung damage, could enhance the process of MVE exposure to generate COPD, thereby contributing to exacerbate the progression of COPD. To our knowledge, this is the first report on the development of COPD in response to MVE exposure combined with LPS. The primary purpose of this study was to develop and validate a new animal model of COPD induced by MVE exposure plus airway instillation of LPS. This model might allow researchers to determine the underlying molecular mechanisms of COPD.
METHODS

Ethical approval
This study was approved by the Animal Care and Use Committee of Guangzhou Medical University, which operates under the national guidelines (ethics committee approval no. 2017-77) . This study followed animal protocols strictly, and we took all steps to minimize animal pain and suffering.
Animals and MVE exposure
Wild-type C57BL/6J mice (6-8 weeks old) were purchased from The Animal Center of Guangdong Province. The animals were randomly divided into four groups: the normal control (CTL) group, the independent motor vehicle exhaust (MVE) group, the independent LPS control (LPS+CTL) group and the MVE plus LPS (LPS+MVE) group. The LPS+CTL and the LPS+MVE mice received LPS (7.5 g in 50 l saline) by intratracheal instillation, and the control mice received normal saline by intratracheal instillation, on days 1 and 14.
The fuel used to generate MVE was China standard 95# gasoline.
The MVE and LPS+MVE mice were exposed to MVE (2 h per session, three sessions per day, 6 days per week) in the MVE exposure system for 13 weeks, excluding the days of LPS instillation, whereas the CTL and the LPS+CTL mice were exposed to normal air in the same system.
The environment conditions of the MVE exposure system and the changes in the concentration of PM and gas were according to the previously published protocol (He et al., 2017) . The concentration of PM in the vehicle exhaust gas-exposed system measured using the TSI8533 particle analyser (TSI Inc., Shoreview, MN, USA) was as follows. The 2 h mean concentrations of PM10, PM2.5 and PM1 were, in mean ± SEM, 1.47 ± 0.034, 1.46 ± 0.034 and 1.45 ± 0.035 mg m −3 , respectively.
Using the TESTO340 flue gas analyser (Testo Ltd., Hampshire, UK) to monitor the fume concentration in the vehicle exhaust gas exposure system continuously, the 2 h mean concentrations of O 2 and CO were 20.95 ± 0.006% and 67.524 ± 3.365 p.p.m., respectively. The 2 h mean concentrations of NO and SO 2 were 0.5 ± 0.211 and 0.35 ± 0.181 p.p.m., respectively. The concentration of LPS in the liquid was 0.626 ± 0.011 EU ml −1 , which translates into an airborne LPS concentration of 1.304 ± 0.023 EU m −3 (EU, Endotoxin Unit).
At the end of the experimental treatments, the mice were injected I.P. with 1% phenobarbital sodium (70 mg kg −1 ). When the respiratory rate became regular and steady, all the body muscles relaxed and the skin pinching reaction disappeared, the level of anaesthesia was deemed appropriate. A heparinized saline-filled 23-gauge needle connected to a pressure transducer was inserted through the diaphragm into the right ventricle (RV) to measure RV systolic pressure. Then the mice were injected I.P. with a triple dose (210 mg kg −1 ) of phenobarbital sodium until terminal anaesthesia was reached. Then the thorax was opened in order to perform lung lavage.
At this time, the mice rapidly transitioned from anaesthesia to death without pain.
Assessment of lung function
The lung function was assessed before the measurement of RV pressure, and it was done only once at the terminal of the experimental 
Collection of bronchoalveolar lavage fluid, cell counting and alveoli intercept measurement
The lungs were lavaged with 3 × 0.6 ml of saline per lung. The total cells in the bronchoalveolar lavage fluid (BALF) were collected and counted by using a haemocytometer. The cells were then subjected to Haematoxylin and Eosin staining for differential counting of neutrophils, macrophages and lymphocytes under a microscope.
The lung tissues were fixed with 4% paraformaldehyde, embedded in paraffin, sectioned and stained with Haematoxylin and Eosin. Image Analysis Software IPP6.0 (Media Cybernetics, Rockville, MD, USA) was used to assess the mean intercept of alveoli, i.e. the ratio of the total length of alveolar tissue to the number of alveoli per field under microscopy. At least three fields per mouse were taken.
Enzyme-linked immunosorbent assay
The protein level of IL6 in BALF was measured using an IL6 enzyme- 
Haemodynamic measurements
Haemodynamic measurements, including RV pressure and RV hypertrophy, were performed as previously described (Shu et al., 2017) .
Briefly, at the end of MVE exposure, mice were anaesthetized with 1% pentobarbital sodium (70 mg kg −1 ), as described in Section 2.2.
An incision was made in the abdomen to provide a view of the diaphragm. A heparinized saline-filled 23-gauge needle connected to a pressure transducer was inserted through the diaphragm into the RV. 
Histological staining and morphological analysis
At the end of the experiment, the left lung was harvested and inflated with 4% paraformaldehyde (PFA), then immersion fixed in 4% PFA for 24 h. Fixed lung samples were dehydrated and embedded in paraffin, then cut into sections 4 m thick and stained with Haematoxylin and Eosin for general histological examination. As previously described (Shu et al., 2017) , the mean linear intercept was determined by counting the diameter of air spaces in 10 random fields per slide to assess alveolar enlargement and destruction. To calculate pulmonary arterial wall thickness, the slides were observed and photographed using a Leica DM4000 B microscope with ×20 and ×40 objectives.
The lumen and total area, the wall thickness and the diameter of pulmonary arteries (within the range between 50-100 m of outer diameter) were measured using Image-Pro Plus 6.0 software (Media Cybernetics). Likewise, to calculate the thickness of collagen and the bronchial wall, the lumen and total area and the wall thickness were measured by using Image Pro Plus 6.0 software. All counting was performed blind to experimental conditions. The bronchial wall area (as a percentage) represents the ratio of wall area to the area of the cross-section. The reason for using a relative ratio was to reduce the difference in diameter to minimize the statistical error. Additionally, five mice per group were analysed, and three vessels with a diameter of 50-100 m and three tracheae with a diameter of 100-200 m were randomly selected and analysed in each mouse.
Determination of haematocrit and D-dimer
Two hundred microlitres of blood was drawn from the heart with a syringe containing heparin sodium and mixed in an Eppendorf tube filled with 100 l of heparin sodium (125 IU ml −1 ). Then, blood was drawn into a capillary tube and then put onto a capillary high-speed centrifuge (at room temperature, 2000g for 10 min). The haematocrit can be read after centrifugation.
Six hundred microlitres of blood was extracted from the heart of the mouse using a syringe and mixed in an Eppendorf tube filled with 100 l of EDTA. The Eppendorf tubes were put into a high-speed centrifuge (4 • C, 800g for 10 min). The plasma was extracted and used for measurement of the level of D-dimer, with a mouse D-dimer ELISA kit (Cusabio, Barksdale, DE, USA).
Statistical analysis
All statistical analyses were ANOVAs performed using SPSS v. 16.0. If were considered as significant and extremely significant, respectively.
RESULTS
Motor vehicle exhaust exposure combined with LPS caused a significant decline in lung function
The exposure procedure is summarized in Figure 1 . As is shown in 
Motor vehicle exhaust exposure combined with LPS induced airway inflammation
The total number of cells in the BALF was significantly increased (P < 0.01) in the MVE and LPS+MVE groups compared with the CTL and LPS+CTL groups (Figure 3 ). The number of neutrophils (P < 0.01), lymphocytes (P < 0.01) and macrophages (P < 0.01) was higher in BALF in the MVE and LPS+MVE groups compared with the CTL and LPS+CTL groups. In comparison with the MVE group, a significant increase in the total number of cells (P < 0.01), neutrophils (P < 0.01), lymphocytes (P < 0.01) and macrophages (P < 0.01) was also reported in the LPS+MVE group.
Motor vehicle exhaust exposure combined with LPS exaggerated inflammatory cytokine production and mucus accumulation
The protein levels of IL6 and TNF-in BALF were significantly increased (P < 0.01) in the MVE and LPS+MVE groups compared with the CTL and LPS+CTL groups. The protein levels of IL6 and TNF-were much higher (P < 0.01) in the LPS+MVE group than in the MVE group (Figure 4a,b) . The protein levels of Muc5B and Muc5AC in BALF were significantly increased (P < 0.01) in the MVE groups and LPS+MVE compared with the CTL and LPS+CTL groups. The protein levels of Muc5B and Muc5AC were much higher (P < 0.01) in the LPS+MVE group than those in the MVE group (Figure 4c,d ).
Motor vehicle exhaust exposure combined with LPS induced accelerated right ventricular hypertrophy
Compared with the CTL, LPS+CTL and MVE groups, MVE exposure combined with LPS caused a significant increase in RV systolic pressure (P < 0.01) and RV hypertrophy index (P < 0.01; Figure 5 ).
Motor vehicle exhaust exposure combined with LPS induced emphysematous changes of airway and pulmonary vascular remodelling
As shown in Figures 6-9 , sections of lungs from the CTL and LPS+CTL groups showed a normal structure of both the airways (FEV 25 )/forced vital capacity (FVC) (d), FEV 50 /FVC (e) and FEV 100 /FVC (f) in the normal control (CTL), independent LPS control (LPS+CTL), independent motor vehicle exhaust (MVE) and MVE plus LPS (LPS+MVE) groups. Data are represented as means + SD (n = 6). * P < 0.01 for MVE group versus CTL group. # P < 0.01 for LPS+MVE group versus MVE group and the pulmonary vasculature. Lung sections from the MVE and LPS+MVE groups showed dramatic thinning and fracturing of the alveolar walls ( Figure 6 ) and marked thickening and remodelling of the bronchial walls ( Figure 7 ) and distal pulmonary vessels (Figure 8) .
Moreover, the MVE and LPS+MVE groups exhibited interstitial infiltration of greater numbers of macrophages and neutrophils and more formation of pulmonary bullae, in comparispm with the CTL and LPS+CTL groups. The mean linear intercept, bronchial wall area and bronchial wall thickness were significantly increased (P < 0.01) in the MVE and LPS+MVE groups compared with the CTL and LPS+CTL groups. Furthermore, the data from the LPS+MVE group were also significantly different (P < 0.01) from the MVE group. The periodic acid-Schiff-positive staining area of bronchial epithelium and the ratio of collagen area to total bronchial area were significantly increased (P < 0.01) in the MVE and LPS+MVE groups compared with the CTL and LPS+CTL groups (Figure 9 ).
Effects of MVE exposure combined with LPS on haematocrit and D-dimer
The haematocrit and D-dimer were significantly increased (P < 0.01) in the MVE and LPS+MVE groups compared with the CTL and LPS+CTL groups. The of haematocrit and D-dimer were higher (P < 0.01) in the LPS+MVE group than in the MVE group (Figure 10 ).
DISCUSSION
Motor vehicle exhaust is one of the major environmentally related risk factors for COPD. An increase in the air pollution PM, especially MVE and biomass fuel, is closely related to acute exacerbation of COPD, and is associated with an increase in hospitalization rate and mortality (Dominici et al., 2006; Kariisa et al., 2015) . To date, our The protein levels of IL6 (a), tumour necrosis factor-(TNF-; b), Muc5AC (c) and Muc5B (d) in bronchoalveolar lavage fluid (BALF) from mice in the four groups. Data are presented as means + SD (n = 6). * P < 0.01 for MVE group versus CTL group. # P < 0.01 for LPS+MVE group versus MVE group understanding of how air pollution enhances disease is scant. It has been suggested that LPS in cigarette smoke can be a driver of COPD pathogenesis (Hardaker et al., 2010; Kharitonov & Sjöbring, 2007) .
However, the impact of MVE on the early subclinical inflammatory pathobiology of the airways and vasculature is currently unclear. It is well recognized that cigarette smoking increases the risk of microbial infection and that PM in air pollution may be an important factor in airway remodelling and lung inflammation (Lopes et al., 2009 Representative light micrographs of lung tissues of mice (a) and the mean linear intercept (b) of mice in the four groups. Data are presented as means + SD (n = 5). * P < 0.01 for MVE group versus CTL group. # P < 0.01 for LPS+MVE group versus MVE group lead to an amplified inflammatory response and, eventually, to COPD progression. In the present study, for the first time, the mouse model of exacerbation of COPD was successfully established by combining MVE exposure with LPS instillation, which mimics the progress of human COPD exhibiting bacterial colonization (Nie et al., 2012) .
Our results showed that during the modelling process, the mice developed several pathophysiological changes of COPD, characterized by airway inflammation, emphysema and small airway remodelling, all of which are in consistent with those observed in human COPD patients. In detail, our data showed that the pulmonary pathological changes, lung function and the total number of cells, macrophages, neutrophils and lymphocytes in BALF in the MVE and LPS+MVE groups were more severe than in the two control groups. In parallel, the LPS+MVE group showed more severe changes compared with MVE group, indicating that the combination of MVE and LPS enhanced whole-lung, neutrophilic and lymphocytic inflammation of the airways. The haematocrit (a) and the concnetration of D-dimer in plasma (b) from mice in the four groups. Data are presented as means + SD (n = 6). * P < 0.01 for MVE group versus CTL group. # P < 0.01 for LPS+MVE group versus MVE group We also found that haematocrit was significantly increased in the MVE and LPS+MVE groups compared with the two control groups and that it was significantly higher in the LPS+MVE group than the MVE group. Ruling out the reasons for short-term loss of plasma water in animals, in our study, the elevation of haematocrit probably suggests that the animals developed secondary polycythaemia induced by chronic hypoxia. When the lung structure is destroyed and lung function declines, leading to dysfunction of ventilation, the animals will be exposed to chronic hypoxia. To compensate for this, the animals can only increase the number of red blood cells in the blood, which leads to the increase of haematocrit. The increase of haematocrit will increase blood viscosity and slow the blood flow, leading to erythrocyte aggregation, an increase in resistance in the pulmonary circulation and formation of microthrombi in the pulmonary vasculature (Gologanu et al., 2013; Nadeem, Gui, & Ornstein, 2013) . Clinically, some COPD patients exhibit a secondary erythrocytosis, and some studies suggest that the risk of pulmonary embolism and other venous thromboses in COPD patients is double in comparison to non-COPD patients (Gologanu et al., 2013; Sidney et al., 2005) . Thus, the increased haematocrit will aggravate the risk of formation of intravascular thromboses, and the formation of small pulmonary thromboses will affect the pulmonary artery pressure. In order to find evidence of thrombosis, we tested the D-dimer in the plasma of the mice, which reflects the fibrinolytic function. Our data showed that the level of D-dimer was significantly higher in LPS+MVE group than the other three groups, suggesting that the LPS+MVE group had a higher risk 
